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A nieth d of making highly4ocalized lateral channel pr file of Si 
MOSFET's coupled to gate workfiinction engineering 



It has been shown recently that so-called '^Replacement-gate" processing [1] can be highly 
advantageous for future generations of Si CMOS technologies. The method allows easy 
integration of higfa-k dielectrics (to elevate the problem of SiO^ scaling limits) and metal gates (to 
avoid device degradation caused by ^poly-depletion** in both N- and P-MOSFET's and boron 
penetration in PMOSFET's). 

The use of metal gates can deliver significant imjirovCTient to the MOS device performance if 
coupled bo an appropriate for the gate woricfiuction channel profile: most interesting metals for 
CMOS integration posses electron/hole workfunctions closer to the Si midgap, >^ch allows 
reduce tlte channel doping levels for the same MOSFET threshold voltage [2^]. Unfortunately, 
the reduction in the chazmel dope gives rise to acute ^hort-channel effeGts*'(SCE), 
It has be(!n shown [4] that highly non^uniform lateral profiling (strong and very abn^st ^halo's", or 
"p ckets'*, or '"envelopes", around source/drain extensions and very low doping in the channel - 
see figure 1) coupled to the gate workfimcdon change (poly-SiGe for PMOSFET^s) is extremely 
effective in combating the SCE. Abrupmess of the '^envelopes** is the key in combining these 
profiles with advantages of low channel doping in the middle of the device (otherwise for smaller 
transistots the channel doping will be determined by the tails of envelopes [2]). 



Figure 1. Short-channel effects (SCE) are caused by increased drain influence on the depletion regions of 
the channel and eventually source side (left-had side of the figure). The lower the channel doping, the 
higher tha influence. Highly-doped abrupt "envelopes" around source and drain (right-hand side lateral 
profiles crr^s-eection) diminish Vt\e SCE and allow the usage of low channel doping in between them. 

For NMCSFET*s, boron is nomially used as a channel dopant, and since this impurity is prone to 
strong diifusion in Si» the condition of abnqstness is very difficult to satisfy* since normally the 
"envelope" implant is performed at the same time as source/drain extensions are implanted, 
implying lhat a significant amount of consecutive processing steps will smear out the profiles. As 
an example, the lateral channel profiles c mputed for 0.1 3^m NMOSFET are presented in figure 
2. Already at these gate length the channel pr file is completely determined by the lateral 
diffusion ofh ton ""envelopes" making it impossible to use gate workfunctions which differ fir m 
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n-type poly by more than 0.3eV (mid-gap is at -0.566^ for Si, and will reqiiire much lower 
doping), irhis problem obviously becomes even more sevm for smaller gate lengths. 
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Figure 2. Boron envelopes lateral profiles for different processing conditions. The best variant achievable 
with "star^dard* processing only allows for the use of 0.3eV shift in gate worl^function. 

Another disadvantage of standard approach is that the whole source/drain regions arc implanted 
with '"envelope" dopants resulting in source/drain partial compensation and a significant increase 
in the pai asitic series resistance. 

We sho^' below an approach vdiich can resolve these issues in a simple manner. 

The proc^ess starts with low-doped substrate (lelScm"^) to <$n$ure appropriate long-chazmel Vt 

when close to mid-gap gate workfunction material is used (TiN for NMOS). Then a complete 

"Replacement Gate'' processing is done (see for details [6]) without any channel profiling. As a 

result W€ have an essentially complete MOSFET stracture without a gate electrode. 

The next step is to deposit the following stack: poly-SiGe/poly-Si (-30nm/l70nm; exact thickness 

rado can be optimized for a given process generation). Then these layers are "CMPed" back to the 

level of the surrounding oxide (figure 3(a)). 

The next step is to selectively remove the poly-SiGe side-walls in the gate to a certain depth. This 
can be dono using either an anysotropic plasma etch (etch rate is much higher for poly«SiGe than 
for poly-Si) or a highly selective wet etch [S]. As a result an implantation mask for the 
••enveloi-es" is created (figure 3(b)). Now, for NMOSFET's, boron can be implanted (at 0°tilt to 
allow e>.tra channeling in vertical direction) and Imefly annealed to result in extremely sharp 
envelopes around the tips of the source/drain regions (see fi{;ure 4). Such an implantation is also 
not expected to harm the gate oxide [7]. 

The bacic-end processing then follows: first, selective to the oxide removal of both poly-Si and 
poly-SiCre layers [S]. Then deposition of TIN gate electrode smd, finally, contact and interconnect 
formation. 

The sugj;ested processing can be elaborated by the following steps: 

It is also possible to deposit first a padding layer of poly-Si before the poly-SiGe layer to get 
an extra freedom in lateral positi noftheenvel pe implant. 
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- TiN sleciTode use is quite problematic for PMOSFET's (gate workfunction is too low, 
resxiliing in fonnation of highly unfavorable "buried"-channel devices), so one can d^osit 
poIy-SiGe in-situ doped with boron, and then rem ve it only from NMOSFET's regions (one 
exini masking step will be required) and deposit TiN on top of that This will result in TiN 
gate lor NMOSFET's and poly-SiOe gate for PMOSFET's 



[1] A. Chatteijee ef a/. "Sub-lOOnmgaie length metal gate NMOS transistors fabricated by a 
replacement gate process" /»roc. IEDM'97, p.821 

[2] C.JJ. Dachs et al "Gate workfunction engineering for deep-sub-micron CMOS", Proc. 
ESSDER<:*99, sept. 1999. 

[3] M.N. Webster ef cd "Metal Gates for 0.15 vun CMOS and beyond" Prac. ESSDERC'99, 
sept.l999> 

[4] Y. V, Ponomarev «r al "An efl&cient lateral channel profiling of poly-SiGe-gated PMOSFET's 

for 0.1 Mm CMOS low-voltage applications" Proc. VLSI Symposium, p.65 (1999). 

[5] Y. V. Ponomarev "A method to vary a threshold voltage of MOS transistor by selective 

incorporation of SiOe in the gate electrode", Inverttion Communication 25.068 

[6] P.A. Jitolk, Y. V. Ponomarev "Fabrication of MOS transistors with laterally graded gate 

workfunction in a replacement gate process*^ . E P AppI ica-t ion Mo- ^9ZOI 669 • 7" 

[7] Y. V. Ponomarev et al. "Channel Profile Engineering of O.l^m-Si MOSFETs by Through- 

the-Gaie Lnplantation", Proc. IEDM'98, p.635 Envelope implant 




Figure 3. Boron envelopes lateral profiles for different processing conditions. Tiie best variant aciiievable 
with 'standiird' processing only aliovvs for the use of 0.3eV shift in gate workfunction. 




Leteral pasoion (mktoM) 

Figure 4. F'^esults of the simulated boron profiles. By comparing the right-hand side plot with the figure 2 
above, one- can see that the lateral steepness of the boron profile is significantly improved. 
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A method t vary a threshold voltage of MOS transistors by 
selective inc rporation of SiGe in the gate electrodes 



Youri V. Pooomarev 



Recently, tiliete has beeo quite a significant interest to libe use of poiy**SiOe as 
a gate material for advanced CMOS transiscois (see e«g. [1] and ref»ences therein). 
Proc;ess compatibilily with existing Si tedmoiogy has been shown. The change in 
Ge mole fraction controls the change in the gate-semiconductor wockfUnction 
difRirence which, coupled to a cluumei profile tuning, results in a significant 
impxyvement of the PMOST pecformance. This ptffocmance growth is in general 
prof fOitional to the Ge mole fraction in the gate and e.g for 0. 18|im generation reaches 
35%for55%Ge[l]. 

For NMOS transistors use of i>oly*SiGe gates does not influence the 
performance unless a mole fraction of Ge higher than ^0% is used. In this case, the 
peif dcmance of the N-type gate becomes a problem; arsenic and phosphorus ions, 
conventionally implanted and difiKised in Ae gates to dope them, become increasingly 
electrically inactive for increased Ge mole fraction. For instance, for 50% Ge in the 
gate, only 30% of dopants will be activated resulting in strong gate depletion. The 
situation only worsens wlien Ge percentage is increased to the attractive for PMOSTs 
60-i^0%. This fitctor has ted some authois to suggest the iitse of a '^single-flavor" SiGe 
gate doping: p-type (boron activation is improved by an increase in die Ge 
percentiMSe) [2^]. In this case» however, the NMOS becomes a so«caUed '*buried 
channel transistor". It is weU«known that this type of devices are not suitable for 
adviinced CMOS applications: weaker gate control means that the drain has a strong 
influence on the device parameters resulting in poor sshort-channel behavior^ high 
sublhreshold slope and high ofif-state leakage cunents [4]. This approach is not 
sa&t&ctory: it sacrifices NMOST performance in favor of PMOST. 

Another intmsting issue that has risen recently concerns the use of so-called 
"^doiible-Fr ^ transistors in mod«n ICs. A possibility to use high-Pr devices 
(meaning, also, . much lower stand-by leakage currents) in die parts of the circuits 
where low-power consumption is vital, and low-PV devices (high stand-by power 
connmiption) in die high-performance parts of die circuit can save a significant 
amcfunt of power consumed by the total IC (-^250 times for an avorage processor as 
cite i in [S]). This could be quite an advantage, especially if the battny life is of 
concern. For PMOS devices '^o£P*-5tat6 leakage currents are even more importam dian 
for NMOSTs since this type of transistors has to be designed with bigger on-chip size 
to compensate for a weak» current drive in die ^on^-state. Usually, the double-Fr 
approach is implemented by using an extra mask and Fr conrection implantation in the 
early stages of processing* 



T elevate the problem of incompatibility of SiGe gates (Ge% higher than 
•-40%) with "double-flavor" poly-gate CMOS process, and to implement an 
alternative way of making double- PMOS transistors at the late staga of 
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processing, a new sequence of the gate finmation is suggested kere which tatilizes the 
follo^ving technological properties of SiGe layers: they can be removed by wet etch 
with high sdecttvity to Si [6]. and that die etch-rate during plasma-etch of the poiy- 
gates increases with Oe% [7]« 

Figure 1 below shoia^ schematicaily the new abroach implement in the 
CMOS gate-stack flow to manufieu^tiire NMOS transistors with poly«Si gates (^ere 
exceient As and P activation is possible) and PMOS transietots with essentially poly- 
SiGc gates (SiGe layer at the bottom of the gate controls the gate woxkfimction and 
thus Vt) with high O^o. 

The process description starts after active regions of the devices are fbmied 
(gatii oxide is grown too). Then the standard poly-SiGe deposition scheme for hi^ 
Oe9^i should be used: a thin (less than 2nm) amoririious Si layer is grown first (serves 
as ait "adhnive** layer to decrease the nucleation time and decrease roughness of the 
gro\ A SiGe layer), ttim ««20«30nm of poly-SiGe is grown. SiGe can be grown tn-situ 
dopi^d with boron (since it is going to stay only on FMOS areas) to ensure excellent 
gate activad<m for PMOSTs. 

The standard SN mask (already exists and is used to protect PMOS devices 
fiori NMOST sotm:e/dia2n implantations) is then q>plied and SiGe layer is 
selectively removed firom NMOS regions leaving the thin a»Si layer on top of gate 
oxifle intact (as wdl as the gate oxide itself). It is possible in the 
HNO3:H2O:dHF(Q.08%HF) 35:20:10 proportion solution, where selectivity of better 
tluui 100/1 have been lepoited [€] for 30% Oe. 

Then, a --lOOnm blanket poly-Si layer is dsposii:Gd to form a complete gate 
staidc for bottx device ^es. The gates patterning is done in one go with a standard 
plasma etch used to pattern poly-Sl layetst this can be accomplished owing to an 
incraficd speed of the etching process when Ge% is ina eased and Ibus this vay thin 
layer of SiGe can be etched e.g. during standard overetch process. The end-point 
defection of the main etch (when the poIy-Si layer on NMOS regions is etchad) is 
evtsn simplified, since the signal change at the beginning of the SiGe etch is in the 
same direction as that of SiOj. 

As a result we have a close to standard poly-Si gates for NMOSTs and SiGe 
gates fwPMOSTs. 

At the expense of an extra mask, some PMOS transistors can also be made 
without SiGe present in tlie gate: the flow is exactly the same s^art firom tihe mask 
used to protect selected PMOS devices from wet SiGe etch (st^ 2 tn figure 1). The 
resulting PMOS transistOTB without SiGe tax their gates will have threshold voltage 
lowered in absolute value by the workfonction shift caused by the Ge incorporation 
ft r PMOSTs with SiGe gates. This way of making a double- PV transistors is 
advantageous over the standard where it is done by Vr correction implantations in ttie 
Ciirly stages of processing, smce by changing the Ge% one can obtain any needed Vt 
vdue at tbe point vAvsa the gate electrode is formed. Use of gate workfimction control 
over Vt also results in reduction of Vr fluctuations caused by reduced number of 
dopants in the channel region of tiie devices. 

The main concerns are: 

- (I) the gate oxide quality of the NM!OS transistors; 
« (2) presence of a thin native oxide layer in between the bottom part 
of the gate and the top deposited poly-Si layer; 
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- (3) the workfiuiction change is detennmed by the Ge and Si co- 
difiusions) 

All these points will have to be checked in practice (being done at th 
moment). It is, however, not expected that these aie going to seriously 
oidanger the suggested approach. The following ar^^uments can be given: 

(1) the a-Si layer must be closed on top of tiie oxide to be a good "seeding'* 
base for consecutive poly-SiGe deposition, wHiicli means thai it will be 
thick enough to protect the gate oxid^ from the ^hgi SiOe etch attacking it 

(2) The native oxide layer underneath the top poly-Si layer mi^ not be a 
problem at all since die difSision of the high amount of dopants (As or B) 
should break diroug|i this layer quite oisily (e.g« As mutter difibsion out 
of poly-Si throi^ tiie native oxide, or boron penetration fiv thin gate 
oxide MOSFETs). It will be checked and if it does pose a problem, then 
die top poly-Si layer can be deposited straight after short dip into a weak 
HF solution or in a single wafer reactor (e.g. ASM Epsilon-1) where a 
hydrogen high-temperature bake can be used to rraiove all the native 
oxide before the poly-Si growth. 

(3) The co-difiusion of Oe and Si in this triple-layer structure will result in 
reduction of original Ge mole fraction at the gate oxide/gate interfiice 
responsible for the 4^ value. It has beoi shown» however, that this 
process can be kept well under control for a given tfaomal budget endured 
by the gate [1]- 



A new approach to form gates of Si MOSFETs is suggested to provide poLy- 
SiCe gates for only f-type devices where a necessary workfunction shift is xieeded. 
For n^type devices (and selected /^-type devices at the cost of an extra mask at the 
later stages of processing) the gates are standard poIy-Si ones. 



[1] Y.V. Ponomarcv et al IEDM'97 Techn-Digest, p.829. 

[2] T.Skotnicki et aL ESSDERC'97 Proc,» p.2l6. 

[3] V. Z-Q U et al. IEDM'97 TechnJ)igest, p.833. 

[4] Q. J. Hu etaL IEEE Trans- El. Dev., ED-32, p.584 (1985), 

[5] U. Ko et al. Symp-VLSI-TSA'96 Froc, p,275. 

[6] D- J- Godbey etal. J. Electrochem. Soc., 139. p.2944 (1992). 

[7] Vallon et aL J. Vac. Sci. Techm 15, p.l874 (1997). 
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1 . A method of manufacturing a semiconductor device comprising a 
sendconductor body of a first conductivity type which is provided at a surface with a 
trar sistor having a gate insulated from a channel provided at the surface of the 
sendconductor body by a gate dielectric, wherein a structure is provided comprising a 
dielectric layer having a recess, which recess is aligned to si source zone and a drain 
zone of a second conductivity type provided at the surface of the semiconductor body 
and has side walls extending substantially perpendicular to the surface of the 
seiticonductor body, in which recess a double-layer is applied consisting of a second 
sub -layer on top of a first sub-layer, which second sub-layer is etched back and which 
firs: sub-layer is selectively etched with respect to the second sub-layer and to the side 
walls of the recess to a depth, thereby fonning trenches extending substantially 
perjiendicular to the surface of the semiconductor body, via which trenches impurities 
of tie first conductivity type are introduced into the semiconductor body, thereby 
fonning pocket implants, after which at least the second sub-layer is removed, and a 
conductive layer is applied providing the gate of the transistor* 

2. A method as claimed in claim 1, wherein, in order to provide the stracturc, a 
patterned layer is applied at the area of the planned gate, and the source zone and the 
drain zone of the second conductivity type are formed in the semiconductor body 
while using the patterned layer as a mask« after which the dielectric layer is provided 
in a thickness which is sufficiently large to cover the patterned layer, which dielectric 
laycir is removed over part of its thickness by means of a material removing treatment 
until the patterned layer is exposed, after which the patterned layer is removed, and 
the recess is provided aligned to the source zone and the drain zone. 

3. A method as claimed in claim 1 or 2, wherein, after the provision of the pocket 
imflants, the second sub-lay^ is removed, and the conductive layer is applied. 

4. A method as claimed in claim 3, wherein the transistor is applied to the 

Buri ace of the semiconductor body as a p-channel transistor, and a silicon gemianium 
alloy is applied as the first sub-layer. 

I 
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S. A method as claimed in claim 4, vrhetein silicon oxide is applied as the 
diel<2Ctric layer, and silicon is applied as the second sub-layer. 



6. A method as claimed in claim 2, wherein, after the removal of the patterned 
layer, an additional layer is applied, which additional layer provides the side walls of 
the XC6SS aligned to the source zone and the drain zone. 

7. A method as claimed in claim 6, wherein silicon is applied as the additional 
layex and the second sub-layer, and a silicon germanium alloy is applied as the first 
sub -layer. 

8. A method as claimied in claim 6 or 7, wherein the double-layer and the 
additional layer arc removed after the provision of the pocket implants^ and the gate 
dielectric is provided at the surface of the semiconductor body, after which the 
conductive layer is s^plied. 

9. A method as claimed in any one of tiie preceding claims, wherein the 
impurities are introduced into the semiconductor body by means of ion implantation. 

10. A method as claimed in claim 9, wherein the ion implantation is carried out 
substantially perpendicularly to the surface of the semiconductor body. 



11. A method as claimed in any one of the preceding claims, wherein the 
transistor is applied to the surface of the semiconductor body as an n-channel 
transistor having poctot implants foimed by the introduction of boron or indium. 



12. A method as claimed in any one of claims 1 to 10» wherein the transistor is 
applied to the surface of the semiconductor body as a i^channel transistor having 
poc:ket implants formed by the introduction of antimony or arsmic. 

13. A method as claimed in any one of the preceding claims, wherein a layer 
comprising a metal is applied as the conductive layer. 
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